Activity concentrations of the Naturally Occurring Radioactive Materials (NORMs) in some bottled drinking water brands obtained from some supermarkets in Accra were analyzed using gamma spectrometry. 40 K activity concentrations were in the range of 3.57 -5.47 Bq/L, the highest occurring in brand L9. Similarly, 232 Th activity concentrations were in the range of 0.30 -0.56 Bq/L with the highest occurring in brand L8. 226 Ra was identified in eleven brands with the remaining 5 below detection limit. The highest value (0.53 Bq/L) occurred in brand L9. Comparison of the mean concentrations showed significant differences at (α = 0.05) between the various brands of bottled water. Estimated committed effective doses were generally below 0.1 mSv/a for all age groups with the exception of children <1yr. Estimated lifetime cancer and hereditary risk were done using the ICRP risk assessment methodology.
Introduction
Natural radiation comes from cosmic rays, naturally-occurring radioactive elements in the earth's crust, and radioactive decay products. Since these radionuclides are present in soil and rock, they can also be found in groundwater and surface water. Natural radionuclides commonly found in waters include 238 U, 234 U, 232 Th, 226 Ra, 238 Ra, 222 Rn, 210 Pb and 40K (Dragani et al., 1990) . The existence of these radionuclides normally occurs in wells dug deep into aquifers containing radionuclides of variable oxidation states. The mineralized radionuclides dissolve slowly; however, for water that has high contact time with these rocks, there is a higher probability of significant radionuclide concentration (Choppin et al, 2002) .
The concentration is however, not necessarily restricted to the surface geological characteristics. It is also dependent on the physical and chemical factors (e.g. T, P, O 2 , etc.) prevailing in the aquifers for which reason radionuclide concentrations may vary for aquifers that are few meters apart. Even variable ground flow patterns may result in seasonal variations in radionuclide concentrations (Lieser et al., 1990) .
Ghana has climbed the pedestal into becoming a middle-income country with a high consumist middle income class. Over the years, a number of bottled water companies have emerged to meet the demands of the middle class due to its perceived quality and safety. However, most of the bottled water companies (BWC's) limit their water quality assessment to microbial, chemical and acceptability requirements with no further studies to quantify the radionuclide contents (Dueňas et al., 1997) . Water from aquifers and surface water areas are ideal sources for the BWC's due to their rich mineral contents. However, the possible presence of significant amounts of radionuclides as explained earlier, the uncontrolled anthropogenic exploits that occur at aquifer locations and the weakness of the regulatory agencies to enforce standards gives enough reason to assess the radiological components of some bottled drinking water on the Ghanaian market.
Radiological aspect of drinking water Naturally occurring radionuclides in drinking water usually give radiation doses higher than those provided by artificially produced radionuclides and are therefore of greater concern (Dozol, 1993) . This resulted in screening and guidance levels set by the WHO.
In the third edition of the International Commission on Radiological Protection (ICRP) recommendations (ICRP, 2007) , the individual dose criterion (IDC) was based on screening levels of 0.5 Bq/l for gross alpha activity and 1 Bq/l for gross beta activity (WHO, 2011) . The IDC was set at 0.1 mSv/year representing below 5% of the average annual dose due to natural radiation. The guidance levels are not mandatory compliance limits; however, they serve the purpose of prompting further investigations and specific radionuclide analysis.
Experimental

Sampling
Most bottled drinking water are sourced from aquifers with a few sourced from surface waters. Study was done on their availability across the country and 16 brands were selected. 10 are Natural Mineral Waters (NMW), five are Prepared Water (PW) and one uses sources for which NMW or PW are classified. The NMW's are normally bottled at source with the whole factory set-up located near the source. However, the PW's are drawn from municipal tap water systems which are drawn from surface waters and consequently into large reservoirs located at manufacturers premises. Two dominant aquifer sources were highly exploited; the Medie aquifer enclaves and the relatively isolated mountains on the Dodowa-Agormanya low lying plains which form part of the pre-Cambrian crystalline basement complex rocks. Fig. 1 is a map showing the source of water to the bottling water companies.
Grab samples were obtained directly from the shelves of supermarkets and information as provided by the label was recorded. Accompanying labels were subsequently removed and replaced with different identities from L1 to L16 (see Table A1 ). 
Norm determination
Sample preparation and measurement by Gamma Spectroscopy
The water samples were transferred into 1L Marinelli beakers which were made of chemical resistant polypropylene. Marinelli beakers are used for gamma spectroscopy measurements due to their light weight and their ability to eliminate leaks. Prior to filling the beaker, acetone-soaked cotton was used to wipe the inside and allowed to volatize. The beaker was subsequently sealed hermetically with paper tape and adequately labelled.
Energy calibration of gamma spectrometer
Energy calibration was accomplished by measuring the spectrum of a source emitting gamma-rays of precisely known energy and comparing the measured peak position with energy (Gilmore, 2008) . This was done using a mixed radionuclide source containing 241 Am, 109 Cd, 113 Sn, 85 Sr, 57 Co, 139 Ce, 137 Cs, and 88 Y. These radionuclides provide a range of energies between 60 keV and 2000 keV. The mixed radionuclide standard was counted long enough (36000s) on the detector (HPGe) to produce well defined photopeaks.
Efficiency calibration
For efficiency calibration, nuclides with known accurate gamma ray emission probabilities and known source activities were used. Certified multi radionuclide standard from the Czech Metrology Institute was used to ensure proper traceability and maximum value of calibration.
Minimum detectable activity (MDA)
The MDA is the minimum radioactive nuclide that can be detected with a degree of certainty (Gilmore, 2008) . In low level counting where the sample activity is approximately that of the background, the MDA is necessary. Under this condition the background is counted with the blank which could be the sample holder and everything else that may be counted, except for the analyte (Kenkel, 2003) . A 1.0 L Marinneli beaker was filled with deionised water and counted for 36000s. For 226 Ra, the MDA was determined using average peak areas of the daughter gamma ray lines 351.92 keV of 214Pb and 609.31, 1764.5 keV of 214 Bi. That of 40K was determined using the gamma ray line at 1460.83 keV. The daughter gamma ray lines of 238.63 keV of 212 Pb, 583.19keV and 2614.53 keV of 208TI and 911.21 keV of 228 Ac keV were used to determine the MDA of 232 Th where is the statistical coverage factor equal to 1.645 (confidence level of 95%), B is the background for the region of interest of each radionuclide, T is the counting time in seconds, P is the gamma emission probability (gamma yield) of each radionuclide, V is the volume of the Marinneli beaker, and is the photopeak efficiency for the measured gamma ray energy Calculation of activity concentration Gamma ray spectral analysis was done using the GENIE 2000 gamma acquisition and analysis software. Activity concentrations for radionuclides of interest ( 40 K, 232 Th, 226 Ra) were calculated using the equation N D is the net counts of the radionuclide in the samples, Td is the delay time between sampling and counting, P is the gamma emission probability (gamma yield), η is photopeak efficiency for the measured gamma ray energy, Tc is the sample counting time (s), V is the volume (L) of the beaker, e λpTd is the decay correction factor for delay between time of sampling and counting λp is the decay constant of the parent radionuclide.
Committed Effective Dose (E ing ) Calculation of Committed Effective Doses
The committed effective doses (E ing ) were estimated from the activity concentrations of each individual radionuclide and applying the annual water consumption rate for adults of 730 L/ year and the dose conversion factors for 232 Th, 226 Ra and 40 K taken from the safety report 19 and UNSCEAR 2000. Equation 3 was used (IAEA, 2001) where E ing (w) is the committed doses due to ingestion.A sp (w) is the activity concentration of the radionuclides in a sample in Bq/L, I w is the intake of water in litres per year, bb-DCF i is the ingestion dose coefficient in Sv/Bq 
Discussion
Bottled water brands were obtained randomly and directly from the shelves so as to directly "mimic" the exact mode by which the brands were obtained. This would imply the estimated committed doses would represent consumer doses due to BW intake. The brand identities were removed and relabeled (Table A1 ). The brands were already sealed with safety caps as well as additional polythene seals. Acidification (using HNO 3 ) before transportation as in the practice for freshwater samples was not done. This is because radionuclides that may stick to the container walls need not be reintroduced into the water since the consumer would not ingest it either.
Activity concentrations
In general, nuclides identified were 226 Ra (γ-ray lines of 351.92 keV of 214 Pb and 609.31, 1764.5 keV of 214 Bi), 232 Th (γ-ray lines of 238.63 keV of 212 Pb, 583.19 keV and 2614.53 keV of 208 TI and 911.21 keV of 228Ac) and 40 K (γ-ray lines of 1460.83 keV). Higher activity concentrations were estimated for 40 K in the range of 3.57 Bq/L to 5.74 Bq/L (Table 2) . This was expected since 40K is abundant in natural systems and could also be as a consequence of potassium ion-exchange resins used by some treatment facilities. Sample L9 showed highest potassium levels followed by L7, L2 and L14 (Fig. 4) . Though specific guidance values are not given for this nuclide due to the normally low risk levels associated, critical groups like children (<1) and patients suffering from renal failure, hypertension, diabetes etc. may be susceptible to its presence.
Thorium-232 levels were about three times higher than 226Ra with a mean reported value of 0.43 Bq/L ranging from 0.30 Bq/L to 0.56 Bq/L. This was expected due to the fact that the most of the samples were slightly acidic and 232 Th is soluble in groundwater than in surface waters (Durance, 1986) . It was highest in samples L7 and L8 with L3 following. 232 Th levels were below recommended guidance levels of 1 Bq/L (WHO, 2011). Though radiotoxicity categorization had not been established for 232 Th, its long-term health effects cannot be underestimated. The major concern to low exposure is the risk of lung and pancreatic cancer (US-EPA, 2015).
226
Ra levels were the lowest with a mean of 0.14 Bq/L and maximum of 0.53 Bq/L. Some showed no activity in the energy ranges of the reference daughter radionuclides and therefore classified as below detection limit (MDA). 226 Ra emits alpha particles with associated gamma rays. As long as it remains outside the human body, 226 Ra poses little hazard. If, however ingested, its radioactivity may lead to an elevated risk of lung and bone cancer. It is chemically toxic at high concentrations and may affect critical organs like the kidney and lungs. The provisional guideline in drinking water is 1 Bq/L (WHO, 2011). The measured values were far below this level.
Summarily activity concentrations were in the order 40 K > 232 Th > 226 Ra. An analysis of variance (ANOVA) conducted on the data showed far higher calculated F-value to the critical F-value (Fcal>>>Fcrit) at the 0.05 significance level. This implies at least one of the data set is significantly different from the others. An attempt was made to establish if the difference is due to systemic variances (σ2sys) or random ones (σ2rand). The result proved that variance due to systemic difference between the samples is an order of magnitude greater than the variance due to the methods precision (σ2sys>> σ2rand). This means the results are due to the inherent properties of the samples and not attributable to the γ-spectroscopy method. Again, an attempt was made in determining which of the sample means resulted in the significant differences. A Fisher Least Square Differences (LSD) approach was used at 95% confidence interval. Significant systemic differences occurred between the means (texp>t0.05,45) of the respective activity concentrations of 40 K, 232 Th and 226 Ra.
Committed dose
The AD was estimated from the activity concentrations of the identified radionuclides taking into consideration, the annual water consumption rate (IAEA, 1996.) and the appropriate ingestion dose conversion coefficients (ICRP, 2012) . Various age groups were also considered as the critical group exist in this domain. The recommended effective dose is 0.1 mSv/y (WHO, 2011) . Generally, there were low AD estimated from ages one and above. For the adult group (>17yr), the maximum estimate was 0.1292 mSv/y corresponding to sample L7 (Table 4 ). AD estimates for this group were slightly closer to the guidance value which is expected mainly due to their high average water consumption rate. The preceding age group (12-17) also had relatively higher AD though below the recommended value. The mean for this group was 0.0879 mSv/y with an associated 0.0135 standard deviation. Ages one to 12 however, showed very low annual doses, about 1.75 times lower than the recommended values. An issue of concern was found in the infants (<1yr); where estimates were higher than recommended values with the lowest being 0.2948 mSv/y and the highest of 0.5439 mS/y, the mean estimate here was 0.4073 mSv/y. Though this is high, it is important to note that about 95% is due to gamma activity from 40K. A baby at this stage is supposed to be on exclusive breastfeeding for which reason it is not expected to be introduced to such activity 'loads'.
However, knowing the recent trend where busy mothers prefer to prepare infant formula with bottled water may not be appropriate
Risk assessment
The ICRP risk assessment methodology (ICRP, 2007) was used in evaluating the fatality cancer and hereditary risk ( Table 3 ). The ICRP predicts that, with the availability of new data on dose-response due to low dose range, that below and around 100 mSv, it is scientifically reasonable to assume that the incidence of cancer or hereditary effects will rise in direct proportion to an increase in the equivalent dose in the relevant organs or tissues (ICRP, 2007) . The evaluation of risk covered only the exposure pathway considered in this study-ingestion.
Conclusion
16 brands of bottled drinking water were analyzed for natural radioactivity using gamma spectrometry. Activity concentrations of the NORMs analyzed were generally low which resulted in low effective doses below recommended levels. 40 K activity concentrations were in the range of 3.57-5.47 Bq/L, the highest occurring in sample L9. Similarly, 232 Th activity concentrations were in the range of 0.30-0.56 Bq/L with the highest occurring in sample L8. 226 Ra was identified in eleven brands with the remaining below detection limit. The highest value (0.53 Bq/L) occurred in sample L9. Comparison of the mean concentrations showed significant differences at α = 0.05. The identified radionuclides contributed to systemic statistical differences. None of the radionuclides exceeded the maximum allowable averages for drinking water worldwide.
Consequently, the potential exposure was evaluated by estimating the annual effective doses due to ingestion of BW by the population. The estimated committed effective doses were generally below 0.1 mSv/a for all age groups with the exception of children <1yr. This should be situated in the context of the radionuclide's toxicity. However, protecting infants from associated health risks of exposure provides justification for additional costs that might be incurred in the re-examination of the water treatment procedures in the country.
The range of fatality cancer risk is 4.04-7.25(x10 -7 ).. This means at a minimum four persons out of 10 million people would suffer fatal cancer on continuous ingestion of BW. The range of hereditary effect is 0.98-1.77 (x10 -8 ). A similar low risk analogy can be drawn to which the hereditary effects are extremely low. The total detriment is combination of both the fatality cancer risk and the hereditary risk hence the total detriment can be said to be very low. Estimated lifetime cancer and hereditary risk was done using the ICRP risk assessment methodology (2007). The negligible cancer fatality risk value recommened by USEPA is in the range of 1⨯10 -6 to 1⨯10 -4 , however the estimated fatality cancer risk was far below the recommended minimum. Therefore, bottled water on the Ghanaian market is radiologically safe and there is no need for special radiological assessment.
Appendix A   TABLE A1 Brands assigned I.D.
NB arranged in no special order
